The behaviour of two biological macromolecules, bovine pancreatic insulin and hen-eggwhite lysosyme (HEWL), at aqueous-organogel interfaces confined within an array of solid- 
Introduction
The voltammetric behaviour of biological macromolecules has been studied at the interface between two immiscible electrolyte solutions (ITIES) as a means to detection of such molecules and evaluation of their behaviours. The bioanalytical capabilities of electrochemistry at the ITIES 1-6 offers scope for the detection of non-redoxactive ions or for the detection of ions suffering from interference when detected by oxidation or reductionbased methods. Thus the detection of biomolecules such as dopamine, 7-9 amino acids, 10 heparin, [11] [12] [13] protamine, 14, 15 and drug molecules 16, 17 have been reported. From our own laboratory, a range of biological macromolecules have been studied, namely haemoglobin (Hb), 18, 19 bovine pancreatic insulin, 20 and hen-egg-white lysozyme (HEWL), 21 as part of ongoing investigations into the use of electrochemical methods at liquid-liquid interfaces as the basis for label-free bioanalytical detection methods. 1 In the proposed mechanisms for the electrochemical responses of haemoglobin, 18, 19 insulin, 20 and HEWL 21 at the ITIES, the organic phase electrolyte anion, typically tetrakis(4-chlorophenyl)borate anion (TPBCl -), is believed to play a significant role. It was proposed that the Hb, insulin, and HEWL molecules adsorb on the aqueous side of the ITIES and then facilitate the transfer of TPBCl -across the interface. The biomacromolecules may thus be equated to an "ionophore" that facilitates the transfer of the TPBCl -ion.
This article focuses on investigations into the voltammetric behaviour of insulin and HEWL
at miniaturised liquid-liquid interfaces. Arrays of micron-sized ITIES (µITIES) were formed within the confines of silicon solid-state micropore arrays. 22 The organic phase electrolyte solution is typically present as an organogel that, due to the hydrophobic nature of the pore walls, fills the pores thereby establishing inlaid µITIES arrays on the aqueous side of the membrane. 23 Furthermore, the use of an organo-gel stabilises the soft interface between the two phases. Thus far, the diffusion of the biomacromolecule in the aqueous phase to the pore mouth has been assumed to be the controlling step in the electrochemical detection mechanism. The enhanced mass transport at the µITIES array is expected to yield improvements in both the limits of detection (LOD) and sensitivity of the analytical response for biomacromolecules in comparison to those achieved at the regularly-sized ITIES (typically millimeter-sized interfaces) under otherwise identical experimental conditions. This strategy has previously been pursued with regard to the low-level detection of smaller biomolecules such as a selection of oligopeptides 24 and a β-blocker drug. 25 By comparison of experimental and simulated voltammograms, Strutwolf et al. 23 have identified specific µITIES array designs capable of establishing asymmetric diffusion fields for the simple reversible transfer of a model ion (tetraethylammonium cation (TEA + )) on application of a cyclic voltammetric (CV) scan. It was found that the pores used to form such µITIES were filled completely with the organogel phase, so that the ITIES was located at the pore orifice on the aqueous side. Consequently, spherical diffusion was established for the transfer of the TEA + probe ion from the aqueous to the organic phase, resulting in peakless voltammograms exhibiting a steady-state limiting current. In contrast, the current of the reverse scan showed a clear peak, which was due to the TEA + ions being mainly trapped within the pores where linear diffusion dominated. The asymmetry in the diffusion in both directions across the ITIES was supported by the difference of the diffusion coefficient for TEA + in both phases: the diffusion coefficient in the viscous organic phase was reduced by a factor of ca. nine compared to that in the aqueous phase. Such a µITIES array design was chosen in this study with a view to utilising the asymmetric diffusion fields established via CV to reveal further details of the insulin and HEWL detection processes. For example, Zazpe et al. 22 have applied this particular µITIES array geometry to study the facilitated transfer of K + across the µITIES array, in the presence of the ionophore dibenzo-18-crown-6 ether (DB18C6), via the transfer by interfacial complexation/transfer by interfacial decomplexation (TIC/TID) mechanism. In a manner analogous to studies of TIC/TID at a micropipettesupported ITIES, 26, 27 the diffusion regimes observed at this µITIES array formed in a solidstate membrane are determined by the limiting factor in the transport process (i.e. the controlling step may involve either the analyte or the ionophore). Thus, mechanistic information on whether the transport process is being controlled by diffusion to the µITIES array of a species in either the organogel-filled micropores or the aqueous phase may be obtained.
As reported previously, 20, 21 HEWL and insulin both adsorb at the ITIES during a CV cycle.
Further evidence of biomacromolecular adsorption at the ITIES was expected by conducting experiments at µITIES. Comparisons were made to the electrochemical response of a much smaller synthetic macromolecule that was not expected to adsorb at the µITIES, polypropylenimine tetraamine dendrimer, generation 1.0 (DAB-AM-4), under identical experimental conditions to those implemented for HEWL and insulin. In particular, the effects of the presence of the adsorbing biomacromolecules, versus the non-adsorbing dendrimer, on the transfer of TEA + across the micro-interfaces were examined.
Experimental details
Reagents. All reagents were purchased from Sigma Aldrich Ireland Ltd. and used as received with the exception of 1,6-dichlorohexane (1,6-DCH) which was purified as reported. 28 The aqueous phase electrolytes of 10 mM LiCl and 10 mM HCl were prepared in ultrapure water provided a large potential window.
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The organic phase electrolyte salt was prepared by metathesis of 10 mM bis(triphenylphosphoranylidene)ammonium chloride, (BTPPA)(Cl), and potassium tetrakis(4-chlorophenyl)borate, (K)(TPBCl), to obtain (BTPPA)(TPBCl), following the published procedure. 35 The organic reference solution consisted of 10 mM (BTPPA)(Cl) dissolved in 10 mM LiCl (aq.) . The organic phase electrolyte solution for the µITIES array experimental setup was present as an organogel, comprising 10 mM (BTPPA)(TPBCl) dissolved in 1,6-DCH and gellified with low molecular weight poly(vinyl chloride), (PVC), as described elsewhere. Background-subtracted CVs were obtained using the CH Instruments software. All experiments were carried out using the same micropore array design which was chosen so as to have no diffusional overlap between adjacent pores in the array. 23 The array contained 8 pores, with pore radii of (26.00 ± 0.09) µm and pore centre-to-centre separations of (985.73 ± 1.50) µm. These geometric parameters were determined from scanning electron microscopy (SEM) images of the array and each value was averaged over 6 pores. The geometric area of the interfaces in the µITIES array was obtained from the area of each pore, 2.12 × 10 However, the transferred TEA + ions accumulate in the micropores, as shown previously 23 due to the depth of the pore and the low diffusion coefficient of the TEA + ions in the gellified organic phase. The back-transfer is thus dominated by linear diffusion, since the pore wall surpresses the contribution of radial diffusion. This situation is also clarified by Figure 2 (B), which shows the dependence of the forward limiting current and the reverse peak current on the square root of the scan rate. The limiting current is almost invariant with increasing scan rate. A very slight increase in current was observed on the forward sweep, but this may be attributed to slight discrepancies which arise in the background-subtraction process with increasing scan rate. In contrast, the peak current of the reverse scan shows the behaviour expected for linear diffusion-dominated transfer. As will be shown below, the presence of insulin and HEWL induces different behaviour. (Figure 4(B) ).
Comparison of the forward sweep currents for insulin and HEWL. A higher current was observed on the forward sweep for HEWL than for insulin, for equivalent concentrations in the aqueous phase. From studies of HEWL and insulin transfer at the ITIES, 20, 21 it is known that under more acidic conditions the biomacromolecules carry more positive charge than in neutral pH conditions, as reflected in the increased forward peak current.
The voltammetric current, exhibiting either steady state (limiting current) or transient behaviour (peak current), is proportional to the charge, z j , the diffusion coefficient, D j and the bulk concentration of the species involved. The variables that influence the differences in behaviour between HEWL and insulin are the diffusion coefficients and the charges of the macromolecules in the aqueous phase at pH 2. HEWL has a charge of 17+, 39 Therefore, based on its significantly larger charge, it is to be expected that HEWL will produce a greater current at the gellified µITIES arrays. As mentioned earlier, the higher charge of HEWL, compared to insulin, results in transfer of more TPBCl -and therefore a higher current. However, the current increases with increasing concentration of both biomacromolecules. This could be explained by a desorption process after the biomolecules have formed a complex with the TPBCl -ion, and the vacant places are filled with uncomplexed biomolecules diffusing from the bulk solution. Also, the formation of multilayers 18, 21 at the interface with increasing biomolecule concentration supports the fact that the current increases with increasing biomolecule concentration. The current may be limited either by the adsorption/desorption process or by the diffusion of TPBCl -ions from the organic phase to the interface. On the one hand, TPBCl -is in concentration excess over the biomolecule concentration. On the other hand, the diffusion space of the anion is restricted by the micropore. Due to the viscosity of the gellified organic phase the diffusion coefficients of TPBCl -and of the biomolecules are of the same order of magnitude. 23 As discussed, if diffusion of the biomolecules to the microinterface is controlling the overall observed current, then one would expect a steady-state limiting current, since spherical diffusion would dominate at the interface from the aqueous side. Clearly, however, steady-state voltammetry is not observed, thus the diffusion of TPBCl -ions from the organic phase to the interface is the current-carrying process.
In an effort to further elucidate the mechanistic role of TPBCl -, the influence of (BTPPA)(TPBCl) concentration on the TEA + voltammetric response was first investigated.
However, it was found that CV of 50 µM TEA + transfer at the µITIES array using (BTPPA)(TPBCl) organogel concentrations lower than 10 mM (1, 0.5, and 0.1 mM, respectively) produced distorted voltammograms due to increased resistance in the cell (not shown). As the TPBCl -concentration in the organogel phase was progressively decreased, the slope of the rising part of the TEA + steady-state response became shallower and the TEA 
Conclusions
The behaviour of insulin and HEWL at a gellified µITIES array was investigated by CV with a view to determining whether a similar reaction to that which occurs at larger liquid|liquid interfaces not stabilised by gels. It was found that the current of the positive-going The results presented demonstrate that the mechanism of biomolecular detection at ITIES is complex but that the use of miniaturised ITIES can shed some light on the transport and transfer processes involved. 
